Recent advances indicate that the amygdala represents valence: a general appetitive/aversive affective characteristic that bears similarity to the neuroeconomic concept of value. Neurophysiological studies show that individual amygdala neurons respond differentially to a range of stimuli with positive or negative affective significance. Meanwhile, increasingly specific lesion/inactivation studies reveal that the amygdala is necessary for processes -for example, fear extinction and reinforcer devaluation -that involve updating representations of value. Furthermore, recent neuroimaging studies suggest that the human amygdala mediates performance on many reward-based decision-making tasks. The encoding of affective significance by the amygdala might be best described as a representation of state value -a representation that is useful for coordinating physiological, behavioral, and cognitive responses in an affective/emotional context. 
Introduction
For many years, the amygdala was thought of primarily as a center for fear in the brain. This perception was fueled by a wealth of experimental data, mainly from rodents, that emerged from the fear conditioning paradigm (summarized in [1, 2] ). Classic lesion and inactivation studies established that the amygdala is essential for the perception of fear, the expression of fearful behavior, and the acquisition of fear in response to stimuli that had been paired with aversive outcomes (Pavlovian fear conditioning) (e.g. [3] , reviewed in [4] ). Neurophysiological studies, which also were mainly limited to rodents, showed that cells in the basolateral amygdala (BLA) had firing rates that were highly sensitive to stimuli that were associated with fear-inducing events, and also to the aversive events themselves [4, 5] .
While new light continues to be shed on the detailed functioning of the amygdala with regard to fear learning and fearful behavior, in recent years, a surge of work in humans and non-human primates has led to an expanded conception of the amygdala's role. The anatomical connections of the amygdala in primates hint at a reason for this: especially compared to rodents, humans and nonhuman primates have a hugely elaborated prefrontal cortex (PFC) [6] , many parts of which -especially medial and orbital areas -have extensive bidirectional connections with the amygdala [7] [8] [9] [10] . The amygdala receives input from a full range of higher sensory and poly-sensory areas, and projects back to them in turn, even to primary sensory targets (connections that may be unique to primates) [11] [12] [13] . Other targets of amygdala output include the hippocampus, basal ganglia, perirhinal and entorhinal cortices, the basal forebrain, and subcortical structures such as the hypothalamus [14] . In sum, the anatomical situation of the amygdala seems to imply the potential for a far more wide-ranging role than 'danger alarm. ' Using a combination of new techniques and innovative extensions of old ones, neuroscientists have uncovered a role for the amygdala in a wide variety of tasks with an emotional component, whether appetitive or aversive [15] . Emotional responses frequently occur in reaction to stimuli that predict impending rewarding or aversive reinforcement, and they are often described within a framework that uses two axes to characterize emotions: arousal (from calm to excited) and valence (from extremely negative to extremely positive) [16] . As we discuss below, recent data implicate the amygdala in processing information related to both arousal and valence; we will focus mainly, but not exclusively, on processing related to valence.
The concept of positive and negative valence is related to recent work by neuroscientists seeking to understand the neural basis of economic choice. According to neuroeconomic theory, a 'universal currency' of value should be encoded in the brain in order to effectively compare different economic options [17] [18] [19] ; moreover, the values of stimuli, the values of actions, and 'state value' -the value of the overall situation of an organism at a given moment -are essential variables in theoretical accounts of learning [20, 21] . Using decision-making tasks, scientists have characterized neural signals correlated with value, where value is defined within an economic framework (reviewed in [18, 19] ). In contrast, most studies focused on the amygdala have not used decision-making tasks; rather, they used classical or instrumental conditioning tasks, in which subjects learn the association between conditioned stimuli (CSs) and appetitive or aversive unconditioned stimuli (USs). Many types of associations between a CS and US may be formed during conditioning [22] -such as those between the CS and the motor response elicited by the US, or the sensory properties of the US -but, as we will discuss, considerable evidence now indicates that amygdala neurons encode information about the overall affective or motivational significance of USs associated with CSs. Therefore, we would argue that information about 'valence' encoded by the amygdala probably corresponds to 'value' as it is studied in decision-making tasks; we will use the terms 'value' and 'valence' interchangeably. This review will examine recent progress in our understanding of whether and how value -in all its multifaceted senses -is encoded by the amygdala in rodents, humans, and non-human primates. We will consider the small but growing body of neurophysiological evidence concerning how the activity of individual amygdala neurons encodes the value of stimuli, and perhaps more general quantities, such as state value; and we will examine how this view of amygdala function may be supported by recent evidence from lesions and inactivation of the amygdala, and from observation of amygdala activity using functional imaging. Along the way, we will consider emerging ideas about how a representation of value might be 'read out' and used by other brain areas such as the orbitofrontal cortex (OFC). Overall, recent work paints a compelling picture of the amygdala as a key brain area for the processing and propagation of signals pertaining to value, and therefore as an essential part of the neural foundation of motivated behavior and emotion.
A neurophysiological representation of value
Until recent years, neurophysiological recording in the amygdala was mostly the province of rodents, with the exception of a few pioneering experiments in non-human primates [23, 24] , and the majority of rodent studies were focused on fear conditioning. These studies helped to establish the viewpoint that the amygdala -particularly the lateral nucleus -is a key structure in Pavlovian conditioning, at least of the aversive valence, because it is a site of convergence for information about conditioned stimuli (CSs) and unconditioned stimuli (USs) [4] , and because fear learning is closely connected with synaptic changes in the lateral nucleus (reviewed in [25] ). While, at the time, neuroscientists often used the term 'fear memory' to describe the representation that seems to be stored in the lateral nucleus, these results were equally consistent with the amygdala storing a representation of stimulus value. In terms of Pavlovian fear conditioning: as the previously neutral CS (often a light or tone) becomes associated with an aversive US (typically a shock), the CS acquires a negative value, which is reflected in lasting changes in the responses of individual amygdala neurons to the CS (as in [5] ).
In recent years, a few groups have sought to extend the rodent work by characterizing neural signals in a nonhuman primate model during appetitive and aversive conditioning. In macaque monkeys, Paton et al. [26] found that the responses of many individual amygdala neurons reflect both the positive and negative values of visual stimuli. The authors, as is typical in the field, defined 'value' operationally: positively valued stimuli are those that elicit approach behaviors, and negatively value stimuli are those that elicit defensive behavior. They used a conditioning task that combined a form of fear conditioning (pairing abstract visual stimuli with an aversive air-puff to the face) with reward learning in a single session (Figure 1a ). Contrary to the view of the amygdala as a fear center, the authors found similar numbers of neurons that respond more strongly to a CS that has been associated with reward (positive valuecoding neurons) or with air-puff (negative value-coding neurons; Figure 1b simply by the monkey's internal state (i.e. no outside emotional stimulus is present). In another avenue of research, two groups found that individual amygdala neurons respond differentially to more complex emotional stimuli: faces or vocalizations of conspecifics with different facial expressions, ranging from appeasing to threatening [32, 33] . Interestingly, both studies found more neurons that had a stronger response to threatening cues than appeasing cues, harking back to the idea of the amygdala as a fear center, and consistent with a functional imaging study that found a stronger response to threatening faces in the monkey basolateral complex (BLA) [34] . However, it is possible that the threatening faces and vocalizations simply had a stronger negative value than the appeasing cues had positive value, making it easier to activate what Paton et al.
[26] called negative value-coding neurons.
In addition to encoding the valence of affectively salient stimuli, it is important to note the increasing evidence that the amygdala also carries signals related to emotional intensity, regardless of valence. Belova et al. [29 ] found that the responses of many amygdala neurons are enhanced when stimuli are unexpected; some neurons show this enhancement to rewarding stimuli only, some to aversive stimuli only, and some to both. Importantly, this latter group of neurons may contribute to valenceindependent emotional processes, such as increased arousal and attention, and enhancement of memory-encoding. Similarly, Shabel and Janak [35] , working in rat amygdala, have recently reported a group of neurons that respond similarly to appetitive and aversive CSs, and that have responses that are correlated with blood pressure -a physiological measure of arousal. Meanwhile, Paz et al. [36, 37] have shown that activity in BLA -particularly in conjunction with signals from the medial PFC [37] -modulates transmission in the rhinal cortices, a phenomenon that could potentially contribute to the emotionrelated enhancement of memory formation.
Other evidence from rodent amygdala neurophysiology, which was long focused on fear conditioning, has begun to converge with that from primate neurophysiology to support the idea of a general representation of value in the amygdala. In addition to the well-established encoding of fearful/aversive associations of stimuli, many individual neurons in rat BLA show increased responding to odor cues that are associated with a sucrose reward [38] . More recently, using the same appetitive and aversive odor cue paradigm, but now treating rats with cocaine, it was shown that cue-selective BLA neurons fail to reverse their selectivity when reinforcement contingencies are reversed -paralleling the rats' behavioral reversal learning deficit [39] . Meanwhile, Ambroggi et al. showed that many BLA neurons respond preferentially to a rewardpredicting auditory cue, as opposed to an unrewarded cue [40 ] , and that this discriminatory signal is necessary both for normal reward-seeking behavior [41] and for the development of similar signals in the nucleus accumbens ([40 ]; see Figure 3 ). Tye et al.
[42 ] use a similar task to demonstrate that successful association of a cue with sucrose reward is correlated with the number of BLA neurons that respond to the cue, and that this is based on the rapid, NMDA-dependent strengthening of thalamoamygdala synaptic connections; in a novel extension of this line of work, Popescu et al. [43] report that coherent gamma oscillations develop between BLA and striatum in response to a tone that is associated with reward.
Notably, even coming from the subspecialty of rodent fear conditioning, there is increasing evidence that individual amygdala neurons, even when they are Individual neurons in primate amygdala can encode positive or negative visual stimulus value. (a) Sequence of events during an appetitive/ aversive trace conditioning task; for details, see [26] . In each session, the subject learns to associate three novel, abstract visual stimuli with large reward, small reward, or an aversive air-puff to the face. After the initial reward contingencies are learned, a reversal takes place: the image associated with large reward is now followed by air-puff, and the image associated with air-puff is now followed by large reward. The reversal allows neural signals related to image value to be disentangled from neural signals related to visual characteristics of the images. (b and c) Examples of amygdala neurons that encode image value during the task shown in a. Plots are peri-stimulus time histograms aligned on the time of image presentation (black dotted line). Blue line, activity during large reward trials. Cyan line, activity during small reward trials. Red line, activity during air-puff trials. (b) A positive value-coding neuron, which fires more strongly on large reward trials than air-puff trials. (c) A negative value-coding neuron, which fires more strongly on air-puff trials than on large-reward-trials. Note that the activity on small reward trials is intermediate; for details, see [27 ] . Differential activity may occur primarily during image presentation (as in c), the trace interval (as in b), or both.
task-responsive, are not uniformly excited by aversive stimuli. Herry et al. [44 ] recently showed that two distinct subpopulations of BLA neurons are involved in fear conditioning, extinction of fear, and subsequent fear renewal: neurons that are preferentially excited by cues that are currently associated with shock (whether during initial conditioning or renewal), and neurons that are excited by cues that were previously associated with shock, but are now extinguished (i.e. are associated with safety). Interestingly, these two populations of neurons even show distinct patterns of connectivity to the hippocampus and PFC. Future experiments are needed to clarify whether these neuronal subpopulations can be identified with the positive and negative value-coding neurons found in primates [26] , and whether these subpopulations also participate in distinct neural circuits. have increasingly used anatomically precise techniques that spare fibers of passage, such as excitotoxic chemical injections. These studies provide invaluable clues as to how signals provided by the amygdala -which, as we have seen, carry information about stimulus value, and perhaps even state value -might be utilized in neural circuits that underlie a wide range of motivated behavior.
Recent fiber-sparing lesion studies in monkeys have confirmed many of the findings that emerged from rodent studies, and from less-precise lesions in primates. For example, Antoniadis et al. have shown that the primate amygdala is indeed necessary for fear learning resulting from Pavlovian conditioning [48, 49] . In these studies, complete amygdala lesions made using ibotenic acid injections prevented acquisition of conditioned fear, as measured by the fear-potentiated startle reflex; however, they did not prevent the memory or expression of conditioned fear that was acquired before the lesions. This latter finding contrasts with a number of earlier findings in rats (most recently [50]), but is consistent with findings in human patients with amygdala lesions (e.g. [51]), and therefore seems to reflect a genuine species difference. Expanding upon the ideas of Antoniadis et al., we would speculate that the orbitofrontal cortex (OFC) or other prefrontal areas -structures that are highly elaborated in primates as compared with rodents, and that are interconnected with the amygdala -might acquire information during or after learning sufficient to support expression of previously learned fear.
Similarly
Moving beyond the fear domain, new lesion studies in non-human primates continue to support an essential role for the amygdala in reward assessment [54, 55] , and particularly in updating the value of a reward during a reinforcer devaluation procedure ([55, 56, 57 ]; see Figure 4 ). In this experimental paradigm, monkeys are selectively satiated on a particular reward (e.g. peanuts); following satiation, normal subjects are immediately less likely to choose objects that were previously associated with the now-devalued reward. In contrast, monkeys with excitotoxic amygdala lesions [56, 57 ] or temporary inactivation of the amygdala during the satiation procedure [58] are unable to refrain from choosing objects associated with the devalued reward. Interestingly, amygdala inactivation after satiation -during the object choice taskdoes not impair monkeys' choices [58] . Thus, it seems that updating the value signal in the amygdala is required for reinforcer devaluation, but an online value representation in the amygdala is not necessary for the expression of the updated preferences, which might be guided by expected outcome signals in the OFC or elsewhere in the absence of amygdala activity.
Finally, a recent fiber-sparing lesion study [57 ] , along with re-analysis of previous data [59] , has caused neuroscientists to reconsider the role of the amygdala in reversal learning -a frequently used paradigm in which stimulus-reinforcement contingencies are switched. The primate neurophysiology studies cited above [26, 29 ] confirm that the responses of individual amygdala neurons change upon reversal, and that the timing of the changes coincides with behavioral indicators of learning. In contrast, Izquierdo and Murray [57 ] found that monkeys with excitotoxic amygdala lesions learned reversals of object-reward associations just as quickly as controls, even though the same monkeys were impaired at reinforcer devaluation. There are several possible reasons for this apparent contradiction: one is that the amygdala may normally participate in reversal learning, but in the absence of value signals coming from the amygdala, the OFC and/or other areas may be able to support this simple kind of learning as well. Another explanation, favored by Izquierdo and Murray [56, 57 ] and not incompatible with the first, is that the kind of object-reward reversal task that they used can also be treated as a visual association task, and may therefore not require the manipulation of objects' associations with reward values. Third, the task used by Paton et al. [26] , in contrast to that of Izquierdo and Murray, required the learning of not only a reward/noreward switch, but also a reward/punishment reversal. As the amygdala seems to be unequivocally required for the acquisition of conditioned fear, it is possible that the aversive element of the task may preferentially engage the amygdala.
Rodent studies
In parallel with the rise of sophisticated techniques for silencing the amygdala in non-human primates, recent studies in rodents have increasingly used fiber-sparing lesions and pharmacological inactivation of the amygdala.
Many of these experiments have confirmed and extended the results of amygdala lesion studies in non-human primates; for example, two studies [60 ,61 ] have recently confirmed that excitotoxic lesions of the rat BLA cause deficits in reinforcer devaluation, just as they do in monkeys. This result holds true across types of conditioning (Pavlovian or instrumental) and types of devaluation (satiation versus food-illness pairing), although the BLA apparently assumes less importance when only a single outcome is available and devalued [61 ] . Interestingly, the BLA (and specifically opioids therein) also seems to be necessary for re-associating actions with increased reward values, a procedure known as reward inflation: Wassum et al. [62 ] found that injection of naloxone into the BLA blocks a food deprivation-related increase in sucrose-seeking activity, even though the increase in palatability of sucrose was unaffected.
On the basis of reinforcement revaluation experiments such as those described above, it appears that the amygdala plays a key role in representing the value of a reinforcer (US), and reconnecting the changing value of a US to its associated cue (CS) or action. This is consistent with the neurophysiological findings that individual amygdala neurons encode the values of USs in a graduated manner [27 ,29 ,30 ]. However, a pair of recent studies by Rabinak et al. [63, 64] complicate this picture by demonstrating that the amygdala does not seem to be required for aversive reinforcer inflation. Pharmacological inactivation of either the BLA [63, 64] or the central nucleus (CEA) [64] during administration of intensified aversive USs did not affect increased freezing behavior in response to either a context or a tone cue associated with the US. In contrast, the same group recently confirmed that inactivation of the BLA [64] and/or CEA [65] can block the initial acquisition of conditioned fear in a variety of conditions. The apparent contradiction between the findings of Rabinak et al. [63, 64] and those regarding revaluation of positive reinforcements might be explained in a number of ways; perhaps the most convincing is that the paradigm of Rabinak et al. involved only a single type of outcome, which, as previously suggested [61 ] , might simplify the reinforcer revaluation problem enough that it can be solved by other brain areas without input from the amygdala.
Working with rodents, neuroscientists have taken advantage of a large toolbox of established techniques from experimental psychology, many of which are well adapted to explore the idea of motivational value. One such tool is reward discounting, which can be based on the amount of risk, effort, or time that must be endured before receiving a reward. Two recent studies have established that pharmacological inactivation of the rat BLA disrupts optimal choice behavior -indeed, sometimes prevents rats from making any choice at all -when Schematic diagram of a reinforcer devaluation task. In the training phase, the subject learns to associate pairs of cues with one of two food reward (e.g. peanuts and raisins) or with non-reinforcement. Typically a large set of cue pairs is used, although only two are shown here. After training, and before testing, the subject is offered free access to one of the rewards (e.g. peanuts) until satiation (the subject voluntarily stops consumption of the reward). The monkey's reward preferences are assessed both before initial training, and after satiation. In the test phase, the subject is offered a choice between cues that are associated with the devalued food (in this case, peanuts) or the non-devalued food (raisins). Normal monkeys will preferentially choose the cue associated with the non-devalued food. Monkeys lacking amygdala function continue to choose the cue associated with the devalued food; see [56] for more details.
either high effort [66, 67] or high risk [67] is required to obtain the larger of two available rewards. This finding is consistent with recent studies in human patients, which have shown that amygdala lesions impair decision-making under conditions of risk [68, 69] , specifically resulting from difficulty in weighing potential gains (but not losses) [69] . These impairments are all understandable if we posit that a loss of online calculation of value by the amygdala, whether of cues or expected outcomes, prevents effective choice assessment by cortical areas such as OFC.
Another key tool from experimental psychology is extinction learning: learning to inhibit a previously acquired fear response when the feared CS is repeatedly presented without an aversive US. In rodents, BLA activity (specifically, NMDA receptor activation in the BLA) is required for the acquisition and retention of extinction [70] [71] [72] , although not relearning of extinction after fear conditioning has been reinstated [71, 72] . Current thinking about extinction (summarized in [73] ) holds that the original CS-US association is preserved in the brain, but amygdala-dependent inhibitory mechanisms suppress the fear response in the presence of the extinguished cue. As noted by Laurent and Westbrook [72] , extinction is context-dependent; thus, the amygdala's role in extinction may be to interact with the PFC to adjust the value of the extinguished CS when it occurs in the right context.
The value signal in BOLD
Consistent with the historically prevalent view of the amygdala as a fear center, functional imaging studies in humans have often focused on the amygdala in the context of aversive events. Therefore, there is a large body of literature -including many ongoing research efforts -that connects increases in the blood-oxygenation level-dependent (BOLD) signal in the amygdala to stimuli that induce fear or apprehension. Many studies have shown that activation of the amygdala is correlated with fear learning in Pavlovian conditioning paradigms; recently, for example, amygdala activity was connected to the association of specific faces with shock [74, 75] , an effect which seems to be abolished (both behaviorally and neurally) by the pro-social effects of oxytocin [75] . Moreover, Schiller et al. [76] recently showed that amygdala activation discriminates between a CS (an angry face) that is currently predictive of shock and a CS that is no longer predictive of shock in an aversive reversal learning paradigm. In addition to direct fear conditioning, BOLD signal in the amygdala correlates with fear learning that takes place via observation of aversive events happening to others [77] . These results are consistent with the idea that, just as in monkeys and rodents, human fear learning is likely to involve the representation of the negative value of both learned and inherently aversive stimuli in the amygdala.
In recent years, neuroscientists have increasingly used fMRI to study the amygdala in the context of rewardrelated tasks and conditions that combine elements of reward and punishment (many of which are reviewed in [78] ). Indeed, a recent meta-analysis [79] reveals that, across many functional imaging studies, a core region of the human amygdala -tentatively identified with the basal and lateral nuclei -reliably responds to both appetitive and aversive stimuli. This is consistent with neurophysiological findings in non-human primates [26, 27 ], as is the demonstration that human amygdala activation increases with the selection of larger rewards [80] . Meanwhile, there is increasing evidence from fMRI that the human amygdala -specifically, a circuit involving amygdala and PFC -participates in the extinction of fear learning [81] , in addition to its initial acquisition, and also in learning to avoid aversive outcomes [82] . Moreover, Hampton et al. [83 ] use functional imaging to demonstrate that lesions of the amygdala disrupt reward expectation signals in ventromedial PFC, implying that a representation of stimulus value in PFC may be 'downstream' from the value signal in the amygdala.
Notably, Talmi et al. [84] have recently demonstrated a correlation between BOLD signal in the human amygdala and magnitude of pavlovian-instrumental transfer (PIT): the automatic increase in vigor of a reward-associated instrumental response (in this case, squeezing a handgrip) in the presence of a CS that has previously predicted reward. This is consistent with the idea that the amygdala encodes the motivational value of CSs, whether they are acting as a cue to expect reward, or as secondary reinforcers -stimuli that have acquired the ability to act as rewards for instrumental behaviors -as suggested by Tye and Janak [85] .
Finally, just as neurophysiologists have begun to look at value in an economic context, practitioners of fMRI have started to look for brain areas that are activated by economic tasks in the most literal sense -tasks that involve gaining and losing money. In an interesting twist, functional imaging during a gambling task [86] shows that amygdala activation correlates with the strength of the 'framing effect' -the economic phenomenon of riskaversion when a gamble is presented in terms of gains, and risk-seeking when the same gamble is presented in terms of losses. De Martino et al. [86] show that, given a certain amount of money, subjects made more decisions to 'play it safe' if allowed to keep 40% of the money; but they made more decisions to 'risk it all' if the other option is to lose 60% of the money. Decisions in keeping with the framing effect, in both directions, are correlated with BOLD signal in the amygdala; and in fact, the framing effect on both behavior and neural activity is enhanced in subjects who are homozygous for the short variant of the serotonin transporter gene [87 ] , a condition that enhances amygdala reactivity in a variety of situations [88] . The framing effect might result from presenting the same choice in two different emotional contexts, necessitating a recalculation of the value of each option in the current context, which is reflected in amygdala activity.
Conclusions
Here we have reviewed the latest progress toward understanding how value may be represented in the amygdala. In neuroscience, the terminology of 'value' is used in a variety of ways -motivational value, incentive value, economic value, stimulus value, and action value, among others; however, it might be said that the idea of 'state value' subsumes and encompasses all of these concepts. The value of a 'state' takes into account not only external stimuli (including all the CSs and USs we have described), but also internal variables such as hunger or satiation, and contexts that may be either external (e.g. location) or intangible (e.g. a rule that is in effect). Even in the context of economic choice, deciding between available options may entail comparing representations of potential future states corresponding to each choice. Moreover, the quantity of state value plays a key role in many theoretical accounts of reinforcement learning [20, 21] , which is a process that explicitly or implicitly underlies most of the experiments we have described above.
We would posit (as we do in [27 ] ) that neurons in the amygdala, as a population, encode a general representation of value that seems to incorporate learned and unlearned stimuli, contexts (such as initial or reversed reinforcement contingencies), and reinforcement history, and thus could be interpreted as state value. As we have reviewed, the great majority of recent studies that concern the amygdala -whether in rodents, monkeys, or humans -can be well understood within a framework in which the amygdala is a key area for calculating valueand recalculating it under changing circumstances, such as reinforcer devaluation or extinction. Whether value is initially calculated in the amygdala or not, it appears that signals from the amygdala are essential for value-related calculations in other brain areas such as OFC and the nucleus accumbens. Future experiments are needed to show unequivocally whether state value is initially calculated in the amygdala or passed to the amygdala from elsewhere, how inputs from many brain areas -such as the dopaminergic midbrain -might contribute to the value signal in the amygdala, and how intra-amygdalar processes might contribute to calculating state value. 
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